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FOREWORD

The investigation of the interaction of moisture, low temperature and impact
damage and the subsequent effect on column buckling behavior reported herein
was performed by the Lockheed-California Cbmpany, Burbsnk, Califarnia, a
division of Lockheed Corporation, under Navy Contract N62262-79-C-0276. The
Navy Project Engineer directing the program was E, T. Vadala of the Structural
Materials Branch, Aero Materials Laboratory, Naval Air Development Center

at Warminster, Pennsylvania. The program was conducted by the Structures

and Materials Department of the Lockheed-California Company, with K.N. Lauraitis

as Principal Investigator assisted by P.E. Sandorff.

The support and contributions of W, E. Krupp, S. Krystokowiak and K. C. Young
of the Materials Laboratory and D. E. Pettit, R. LaForce and C. J. Looper of

the Fatigue and Fracture Mechanics Laboratory are pratefully acknowledged.
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SECTION I

INTRODUCTTON

1.1 TROBLEM DEFINITION

Effect of low speed impact damage on composite materials is a new and
potentially significant design condition for high performance systems. In
metallic structure, damage due to tool drop, small rock impact and hail (while
on the ground) did not constitute a damage of major concern. However, com-
posites generally exhibit little inelastic ductility, are sensitive to second-
ary stresses, and are susceptible to splitting and delarination with cracks
often proparating in the fiber direction through debonding. Upon failure,
energy absorption is low. Due to these fracture characteristics and the low
strain to failure, composite materials generally exhibit lower impact resis-

tance than the metals typically used for aircraft construction.

Fnvironmentzl exposure may aggravate the deleterious effects of impact damage.
It is well known that the mechanical properties of o polymeric matrix are
susceptible to environrental degradation. Matrix crackinp resuvlting from
impact, loading or thermal cycling may provide pathwavs for moisture which can
enter by larminar flow much more rapidlv than bv diffusion upon subsequent
exposure to high humidity environment. Detrimental effects mav also be ex-

pected because the internal tensile stress in the matrix increases with de-

creasing temperature, promoting crazing and the formation of microvoids. 7 ]
!

Furthermore, the cubical coefficient of expansion of w¢poxy polvmers is

- - -6
approximately 1.5 x 10 6 OC ! and that of ice approrimatelv 112 x 10

o ~1 o] o] . , . . :

C down to -54 C (=65 F); thus, ice formation in the matrix cracks mav pro-
mote crazing and crack growth on cool-down to this temperature. The possible
degradation of compressive strenpth due to temperature and moisturce has thus

been one of the major concerns in the anplication of advanced composite

svstems to aircraft structure. The possibility of interactions between impact

#;

14
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damage and environmental factors resulting in an amplified loss in compressive

strength is recognized as requiring investigation.

1.2 OBJECTIVE
The objective of this program was to provide an experimental cvaluation ot
the possible interaction effects of environmental factors (specifically

moisture anc low temperature) with low velocity impact damage on the subscauent

performance of a representative graphite/epoxy laminate under compressive load.

1.3 PROGRAM SUMMARY

1.3.1 Nature of the Impact Damage

The type of impact damage to be investigated in this program is that which is
produced by low speed impact of a blunt object, such as an accidentally dropped
hand tool. Specifically, the damage condition selccted for studv was defined
as the onset of visible cracking of approximately 1 to 1% inch diameter on

once face, which would allow direct entrance of moisture into the laminate

interior.

A preliminary experimental investigation of impact effects was conducted as
an initial part of the program, in order to develop the technique which would
produce the desired type and amount of damage consistently on replicate speci-

mens. These results are presented in Section 4.1.

Impact damage was monitored throughout the program with Holosonic Svstem 400
equipment, an ultrasonic inspcction system providing B and C-scan data, merory

; storave and an oscilloscope display that was photographed for permanent record.

1.3.2 Evaluation of Effects

Evaluation of residual compressive strength was made bv means of a plate-
column test, using a compression test fixture which provided the specimen
with simple transverse (pin) supports at uniformly spaced intervals. This

tvpe of test produces a column instability failure mode which can be comparced
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to the compression tailure expected in actual structural applications.  In
addition, one specimen of cach of the twelve different test conditions was
sectioned for photomicrographic analvsis ot the damare causced by impact and

environmental exposure.

1.3.3 Program Scope
The scope of the investigation was limited to one level in cach of the possible

variables, as follows:

Material: AS/3501-6 graphite-cpoxy
Laminate: 16-ply (#45/0/-45/0/+45/0/-45/90) s
Tmpact damage: Onset of visible cracking on one face, approximately

1 to 1.5 inch diameter.

Moisture conditioning: Exposure to 907% RH at 1600F until gain ot 1.0, bv
weight.

Low temp. cxposure: One-halt hour at —(w")OF, return to ambient, hold for
one hour.

Moist.-temp. cveling: Ten cyveles of one hour at 927 RH and 160F alternated
with one-half hour at -65"F.

Specimen contiguration: 3 x 14 inches with tabbed ends.

Residual compr. strength: Specimen pin-supported at 0.78-inch spacing to
obtain 11 bavs vach f'ree to buckle as a plate

column.

The main program of experiments utilized three groups of 24 specimens cach.
The first group was used to investigate the oftect of impact damage on corn-
pressive strength evaluated with and without subscquent coxposure to moisture,
low temperature, and moisture-temperature cvcling. The scecond group of
specimens were moisture conditioned prior to the impact damage, and the thivd
group was exposed to low temperature prior to impact. A total of twelve

different combinations and secguences of damage and exposure was investivated.




LR 29655

SECTTON 2
TEST SPECTIMENS

2.1 MATERIAL

AS/3501-6 graphite/cpoxy prepreg tape was procured from Hercules, Inc., Mazna,
Utah, Lot 1363, in November, 1979. The Hercules quality assurance data which
accompanied this shipment are included in the Appendix, Table A-1. Upon
receipt, acceptance tests were performed by the Lockheed-California Company
QA Lab in accordance with established specifications for 3507 -F curing c¢poxv-
impregnated graphite fiber tape. Conformance to industry-recognized
specifications was confirmed. The results of these tests are

summarized in the Appendix, Table A-2.

2.2 Panel Fabrication and Process Verification

Two 36 x 34-inch panels, identified 1¥01618 and 1X01674, and three 36 x 46-inch
panels, identified 1X01619, 1X01620 and 1X01621, of 16-plyv Taminate with
stacking sequence (+45/0/—45/0/+45/0/—’45/9())S were fabricated of the AS/3501-6
prepreg to furnish stock from which the test specimens were cut.  The panel
identification is an autoclave number which codes the matorial mnd the process
records. Autoclave curing followed specifications summarized in Table A=3 ol
the Appendix. The panels were inspected ultrasonically in C-scan mode, and

no indications of internal flaws were found.

Analvsis for fiber and resin content by weight was performed on samples of
approximately one gram taken from the interior region of cach pancl, using
technicues which (except fer the larger sample size) were in accordance with
ANST/ASTM D 792-66, Procedure A-1, for specific gravit: determination, and
ANST/ASTM D 3171-73, Procedure A, for fiber content.  Fiber volume fraction

and void content were calculated from these data using nominal values tor the

i
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specitic gravity ot the fiber and the resin as supplicd by the manatactorer.
These results, indicating fiber volume fraction between 58 and 61 percent,

are summarized in Table 2-1.

.. . e _ . L. O
Five replicate 025 x .65-inch short-beam=-shear specimens were machined at 0

orientation trom the interior region ot cach panct, Tost wore conducted in
accordance with ASTM D 23440 except for the specison thior iy th

thickness of the le=ply laminate.  Results o1 the o« ot e taoarlated in

Table 2-:.

2.3 TEST SPECIMEN DETAILS

Prior to cutting specimens from a panel, a strip Poo-inches wide was removed
tfrom all four edges and discarded, in order to avoid variations in thickness
and density which sometimes occeur in these regions.  Three by li-inch speci-
men blanks were then cut and specimens were fabricated and inspected according '

to the specifications of Figure 2-1.

Twentv-four specimens obtained from pancl 1X01618 were used exclusively for

the preliminary impact damage study. Four of these (identified in Section 4.1)
differed from Figure 2-1 in that the long axis was oriented 90" to the laminate
axis. The 36 x 48-inch pancls were first cut into three subpanels cach,
identified A, B, and C, and ecach subpanel then cut into ten 3 x l4-inch specimen
blanks having the ld-inch dimension parallel to the laminate axis. The spe-
cimens were individually identitied by the last two digits of the pancl auto-
clave number, the subpanel letter and the sequence of removal. A randomization
procedure based on a computer-generated sequence was then used to assign the v d
specimens to specific use in the program. In an early state of the experi-
mental work, it was decided to revise the geometry of the residual column
strength test, for reasons explained in Section 4.2, This duecision resulted
in fabricating additional specimens to replace those which had been tested
using the longer column support length. For this purpose, twenty new speci-
mens were cut from Panel 1X01674. These could no longer be distributed among
the various tasks of the program, but were assigned by a random sclection
process to the threc test conditions which were to be repeated using the final

column support length usced on the remainder of the program.
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TABLE 2-1
FIBER AND VOID CONTENT OF PANEL MATERIAL
Resin Fiber Calculated
Average Content Content Void
Panel Density Densgity By Weight By Volume#* Content*
. gm/ml _gm/ml % I —
[X01618 1.587
1.586 1.586 34.0 58.4 1.2
I1X01619 1.584
1.574 1.579 33.4 58.6 - .4
1.581
1X01620 1.587
1.582 1.582 32.8 59.2 - .3
1.577
1X01621 1.593
1.587 1.590 31.3 60.9 - .3
1.591
1X01674 1.604
1.590 1.598 31.9 60.5 0.5
1.599

*Fiber volume and void content calculations based on nominal values of density
of 1.796 gm/ml for fiber and 1.262 gm/ml for resin, as stated by manufacturer.
Normal variations from these values frequently result in negative values for

calculated void content.

1-4
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TABLE 2-2
SHORT BEAM SHEAR TEST RESULTS
Failure SBS
Panel Width Thickness Load Struss
oD in. _dn. Ibs. S bsi.
1X01618
1 .250 . 094 323 10300
2 .248 .094 328 10600
3 246 .093 282 9200
4 .249 .093 343 11160
5 .249 .093 324 10400
10300  +500
1X0l619
1 .250 .097 339 10500
2 . 249 .096 341 10700
3 .249 .096 395 12400
4 . 249 .097 337 10400
5 .250 096 352 11000
11000 +500
1X01620
1 249 .093 370 12000
2 .251 .093 399 12800
3 .250 .093 343 11000
4 .249 .093 392 12700
5 .252 .093 333 10700
11800 +700
1401621
1 .251 .092 316 10300
2 .252 .093 291 9300
3 .251 .092 338 11000
4 .251 .091 311 10200
5 .250 .092 303 9900
10100 4400
1X01674
1 .243 .089 299 8980
2 242 .089 281 9760
3 .244 .089 265 9150
4 234 .090 269 9600
5 .235 .089 273 9790

9460 +250

Summations indicate mean + probable crror.

ro
¥
R

- | .
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SECTION 3
EXPERIMENTAL METHODS

3.1 IMPACT LOADING
Impact damage was produced by the impact of a steel mass drosped fronm o drop

tower. The drop tower consisted of a teflon puide tube mounted in a support

frame. The drop height was adjustable and preset by a pin cxtending through

the teflon guide tube. Available impactors included a series of one-inch ;
diameter stecel cylinders providing a selection as to mass and diameter o
impactor head. All impacts were conducted at room temperature n an ambient
laboratory air environment. The snecimen support, which rested on a flat "
concrete fioor, was positioned to obtain impact at the interscction of the O
specimen center lines. The impact tower and the impactor are shown in

Tigure 3~1, and the specimen sunport is detailed in Vigure 3-..

3.2 INSTRUMENTATION AND DATA ACQUISITION

3.2.1 High Speced Photography
A 16-mn high-speed camera operating at 400 frames per second was used (o Pooor
motion of the impactor and the specimen surface just prior to, duaring, and
subsequent to the impact. Optical timing pulses at a precisce trequencys ol
100 per second were simultancously recorded on the margin ot the tilm.  Tin
photographic records of impactor motion were analvzed to obtain impactor
positions (d) above the impact point at time intervals (At) betore, and attor,
the impact. Impact velocity and rebound velocity were then caleulated by the
relation

Vo= Ev oA
where o = 32.2 fps. This method provides accurate values since it minimico.

anv disturbing effects due to variations In release and friction of tho i

3-:
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tube. A sequence of photographs taken during a representative impact test

showing the motion of the impactor and the specimen is presented in Figure 3-3.

3.2.2 Ultrasonic Evaluation of Damagce

The extent of the impact damage produced in each specimen was determined by
ultrasonic inspection. For this purpose ultrasonic imaging ccuipment purchascd
commercially as the Holscan System 400, Holosonics Company, San Rafael, i
California, was used. This equipment provided the capabilities of real-time S
ultrasonics inspection involving B~scan, C-scan, and three dimensional displays.
The basic system used in this program also incorporated the following capa-
bilities:

a. The "flex arm” manual mount for the transducer was replaced with a power

driven scanner mount with digital scanner controls interfaced with the

System 400 electronics.

b. A digital memory, real time image display, electronic processor, and dual
mode oscilloscope were interfaced with the System 400 electronics to
provide a digital memory storage unit to retain and provide subseauent
display of the data in C-scan and in associated B-scan format, as well as
in 3-D isometric format.

c. A vertical mounting and coupling system was attached to the transduccer/
digital scanner. Inclusion of this system made it possible to scan test
specimens in a vertical position, thus eliminating the need to immerse
thie specimen in water for extended periods such as occurs during normal

C-scan, the water contact being limited to the water column divectly in

front of the scanning transducer.

The C-scan was the most useful for delincating damape size.  Pormanent records

of the damage were obtained as Polaroid photoeraphs of the oscilloscope O=sean

display. Represcentative records are presented in Ficure 3-40  Damave measure-

ments of tace maximum damape were made from these photographs as shown in Ficur.

3-~5. In order to determine the scale of the photographs, a special eraphite’

epoxv calibration block was machined with two parallel milled cuts runninge ver-

tically and two horizontallv across the block. idth and svacing ot the slot wor

3-4




t = ~0,030 sec. t = ~0.020 sec. t = -0.010 sec.

O3 .

t = +0.000 se¢, t o= HOL020 seve. [l

Figure 3-3: Selected Frames from High Speed Motion Pictures Taken
of Impact of Specimen 74-19 from Group RB-1. (Time referenced

approximately to maximum deflection.)

3-5
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I1X01621C-8, from Gp A IXO1620A-7, from CP A2
1.01 x 1.62 in. N,98 x 1.66 in.

1X01619A-9, tfrom Cp A3 IXOTODTA=4, from Gp A4
0.98 x 1.74 in. 1.07 x 1.66 in.

Pale20A=-3, trom Gp 3 PO TOB=1, croes 0 O
1.0 x 1.6% in, 1.ol w1079 .

Fignure 3-4: Kepresentative Ultrasonic C-sean (Holsean) Photocraiice e cords
Ohtained in the Main Program
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0° FIBER, LOADING DIRECTION

HEIGHT,
Y

WIDTH, X '

Figure 3-5t Illustration of Methods of Damage Zone Height and
width Measurement
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measured with a tool maker's microscope. The block was then scanned with ¢l
Holscan unit, photos were taken of the TV monitor displav, and the spacings

measured from the photo to obtain scaling factors as described in Reference V.

3.2.3 Strain Gage Instrumentation

A nurter of specimens were instrumented with electrical resistance toil strain
gsages of 0.25-inch gage length mounted on the rear surface dircetly opposite
the impact point, to provide dynamic records of the strain parallel to the
laminate axis during impact. A calibration of the measured strain in terms

of the force introduced by the head of the impactor was obtained by "static" ]
tests conducted in a universal testing machine at several different crosshead
speede. The results of these tests, presented in Figure 3-6, indicate a force/
strair relationship of 51000 1b. per unit strain. For thLe low specd impact
test conditions, static calibration is believed to provide a good approximation
to the force applied up to incipient failure. Once fracture has initiated,
local propagation rates and mechanisms may be expected to differ importantly,
and no correlation between the load-strain relationships as obtained staticallw
and dynamically could be expected. But when fracture occurs, the applicd

force has approached or reached its peak; static calibration of the strain

page response therefore provides an approximate measure of the peak ‘orce.

In tests in which strain gage data were obtained, a centralized data acquisi-
tion, recording, and processing svstem was used which provides a demonstrat.d
overall accuracy of one percent through null calibration of individual sensers
and digitalization of data. A typical strain record ohtainced in a represcen-

tative impact test is presented in Figure 3~7; here the horizontal scale is

proportional to time. This record is interpreted as indicating failure
at a strain of .N1273 in/in, which (from the static calibration) corresponds

to a force of 560 1b.
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3.3 MOISTURE CONDITIONING

Specimens which were to be moisture conditioned were placed in a humidity
chanber which was itself placed in a large thermostatically controlled oven.
The humidity chamber was a closed metal cabinet with an internal water bath
with forced water circulation over large arca wicks., Conditions were checked
periodically with wet bulb-drv bulb temperature readings, and the environment

confirmed as 88-95% relative humidity and 160 + 5°F,

Testing activities were arranged so that all 42 specimens in the program which
were to be moisture conditioned were placed in the chamber at once time. Addi-
tionally, six weight-gain coupons, cach two by three inches in size, taken

two cach from Pancls 1X01619, 0X01620, and 1X01621, accompanied the specimens.
These were removed briefly for weighing twice weekly. The moisture content
indicated by the weight gain specimens at the conclusion of the exposure

ranged from 1.29 to 1.75 percent.

Upon removal from the clevated temperature high humidity environment, the
specimens were packaged in sealed polyethvlene bags together with moistencd
absorbent paper and held at room temperature, to be removed only during
performance of subsequent testing. All tests were completed within 35 davs

of the moisture exposure, during which time further moisture diftusion effocts
at room temperature would be small for intact 16-ply graphite-epoxy laminate.

No assessment was made of the moisture pick-up in the impact-damaged specimens.

3.4 MOISTURE-TEMPERATURE CYCLING

The moisture-temperature cycling exposure was accomplished by manually trans-
ferring the specimens between two environmentallv-controlled chambers according
to an established schedule. The 160°F- 205 nominal RH environment was provided
by the humidity chamber described in Section 3.3. The -65F environment wis
obtained with an insulated chamber into which cold nitrogen pas (expanded

from a liquid nitrogen supply) was introduced, the demand heing established

by a thermostat control. The low temperature environment was monitored with
thermocouples and held to -65°F + 5 OF., Testing schedules within the program

were arranged so that all specimens to receive the moisture—tempoerature evelinge

3-11
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were subjected to the exposure conditions simultancouslty. The cyelic environ-
mental exposure shown in Figure 3-8 consists of:
. o 9 .
1 hour in 160 F-90% RHM cnvironment

. . . o :
30 minutes in -65 F environment

These were applied sequentially, the entire ten cycles of exposure requiring

15 hours elapsed time.

3.5 RESIDUAL COLUMN STRENGTH TESTING

Compression testing subsequent to impact and/or environmental exposure was
performed using a related set of fixtures which makes it possible to provide
various degreces of column support ranging from elastic long column up to
fullv-restrained ("'zero-length") column conditions. The specimen supporting
tixtures are designed for use with commercially available MIS hydraulicallv-
actuated grips, which are installed in a standard universal test machine

or a MiS test machine. '

Installation of a test specimen in the modified hvdraulic test grips is shown
in Figure 3-2. A close~fitting steel shell surrounds each grip, providing a
mount for transverse adjustment screws that prevent destabilizing motion of

the fixture and specimen. The grips are rigidly mounted to the base and test
head of an WIS 10C kip universal test machine, precise alignment having first

been achieved with the aid of sphericallv-surfaced secats.

Pinned-end cclumn test conditions are provided by two rigid guides or outer

platens similar in gross form to those of ASTM 695 (Federal Test Standard 406). :
On the inner surfaces of the platens arc a set of pin-locating platens as

shown in Figure 3-10. Five different sets of platens are available. These

provide pinned-end test lengths of L'=2.38, 1.57, 1.17, 0.78, 0,58 inches obtained
with 3, 5, 7, 11, and 15 bays respectively. Both the seven bay and the cleven-bav
pin supports were used in this program. Figure 3-11 shows the assembly of a

specimen and the L'= 0.78 inch support fixture installed in the test machine.

To confirm the performance of the column test apparatus, a scries of tests

have been conducted at various pinned~end lengths on a specimen of 0.33 inch
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Figure 3-8: Exposure Cycle for Moisture-Temperature Cycling
(Schematic, rise time approximate)
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Figure 3-9. Apparatus for Testing 3 x l4-inch Composite Specimens as
Plate Columns.

163 154K

Figure 3-10.Eleven-bay (Ten-pin) Column Restraint Platens, Interior
View.
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thick, 1.00 inch wide 2024-T3 bare aluminum allov. Automatically rccorded
load-deflection curves provided values of the critical load, which, for the
shortest test length, proved to be sudden and to involve permanent deformation.
The load-detlection data also permitted experimental determination of the
modulus of elasticity which was used in constructing the comparison of test
data with the Euler relation in Figure 3=12, The regularitv and consistency

of these data provide confidence in this method of plate-column testing.

Equipment of this tvpe has been used to investigate the effect of environ-
mental exposure on the compression buckling strength of graphite/cpoxv

laminate. An example of the type of test results obtained is shown in

Figure 3-13, which is reproduced from Reference 2

3-16
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SECTTION 4

TEST PROCEDURE

4.1 PRELIMINARY DAMAGE STUDY

A preliminary experimental investivation was made to develop the methods o

impact loading and damage asscessment required to produce a specific level ot

impact damage (simulating that caused by an accidentally dropped tool), and to

verify that this damage size could be reproduced consistent!ly in replicate
specimens.  The impact damage level of interest was to be characterized as
representing the onset ot visible cracking over an arca appreximatelv 1000 pao
1.50-inch diamceter on one face, to allow dircet entrance ot moisture into the

interior of the laminate.

Two tvpes of supports were evaluated: 1) a rigid trame supporting the speci-
men along all cedges as a simply supported plate with a support width ot © inch
along the edges and 1 inch along the ends, and 2) a continuous support con-
sisting of a 3/8-inch thick pad of Nomex honeveomb core, 3/lTo=inch coll size,
4 Ib./ft.3 HRH phenolic paper, arranged to support the entire specimen between
end tabs.  Results of these preliminary tests are presented in Table A=1.
Typical C-scans and associated B-scans of internal damage ax detected by the
Holscan ultrasonic system are displaved in Fipure 4=1 and 4= tor the rizid

frame and honeyvcomb core supports, respectivelv,

Although the internal damage appeared to be or about the wame extent whother
supported bv Nomex honeycomb core or hv the rigid frame, the external davas
at the rear face was quite different.  Slight back surtace bulyine with mivor

or no visible cracking was usuallv obtained with the hencveomh support, as

shown in Figures 4-3 and 4-4, and this condition was judped inadequate tor
the laminar flow tvpe of moisture penctration desired in this prosrar, Vith

the frame support, however, back surface damape involved raltiple cracks, the
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TABLY 4-1
PRELIMINARY IMFACT TRIAL RESULTS
a NOMINAL b
SPECIMIN SUPPORT, ENERGY VISIBLE DAMAGE SI2E FROM
NUMBER TYPE Ft-1bs. DAMAGE. HOI.SCAN  C-SCAN
in.
1X01618-1 FR 4.5 1%” Sinple Crack 1.27 x 0.97
-2 FR 5.1 3 pareliel cracks
approx. 3'"total lgth. 1.5 x 0.93
-3 FR 5.1 5" % 2" Multiple
Cracks 1.5 x 1.12
-4 FR 5.1 " x 1" Multiple
Cracks 1.65 x 1,11
-5 FR 4.5 I¢" x 1/8" & cracks 1.25 x 1.15
-6 FR 4.5 B x & Multiple
Cracks
-7 R/C 4.6 Minor approx. %" - 1,38 x 1.28
2 cracks + out of
plane bulge
-8 H/C 4.6 " " " 1.35 x 1.30
-9 H/C 4.6 " " "
-10 H/C 5.2 " " " 1,26 x 1.25
-1 H/C 5.2 " " " 1.32 x 1.35 -
-12 H/C 5.2 " " " 1.34 x 1.26
-13 H/C 5.6 %" x 3/4" bulge 1.45 x 1.37
slightly greater
than above
-14 H/C 5.6 &' single crack 1.35 x 1.34
-15 H/C 6.0 Approx. 4 cracks
1" total 1.41 x 1.34
-16 H/C 6.0 Approx. & cracks
1" total 1.42 x 1.37
-17 H/C 4.6 Minor visible damage 1.38 x 1.30
approx, %" horizontal
crgck & approx. 1" along
fiber
(weight hit twice)
~-18 FR 4.0 No vistble dumape Not Scanned
-19 FR 3.4 No visible damage Not Scanned
-20 FR 4.5 Approx. 1" cracks
along fibers only 1.04 x 1.26
-2t FR 5.6 Slightly more damaze
than #24 below 2.48 x 1.62 .
-22° FR 6.2 Siiphitly more damage
than 224 telow Not Scanned
-23° FR 5.6 No visible damage 2.547 x 1.82
-24¢ FR 6.7 Minor vicitle damape 2.55 % 1.62
approx. " herfrontal
crack & approx. 1"
along fiter
- — —e - e —r—————— - — - — @ e ——— o e

&« FR-rigid frame, with %' width along spicimen edges, 1" width at ends, H/C-nomex
honeycomb core

b = Darmaye measured parallel and perpendico):r to fiher dinoctieon

€ @ Spae. ocot from pancd o tranaverse Jlvect! n

4-2
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Fivure "=31 Back Surtace of Specimen oo ITs-de ooy e or BN R B
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extent ot which could be controlled by the heipght of the drop. A phataprai
of tvpical back-surface damage obtained with this support is presented as
Figurce 4-5. The cracks and separation have been highliohted with chall duet
to make them more apparent in the photographs thev were, however, barel:

visible to the naked eve.

As a result of the preliminary experimental investigation the tollowing con-
ditions were tound to produce the type and amount of damage desired and were

established tor the remainder of the program:

Tmpactor: Steel rod 1.00 in., diam. x 12 in. long
Spherical nose 1.00 in. diam,.
Mass: 2.62 1b.

Height of drop: 28.19 inches

Velocity at impact: 12.2 ft./sec. (nominal)

Energy at impact: 6.15 ft.~1b. (nominal)

Specimen support: Frame, under side only; 0.50 in. wide at long

edges, 1.00 in. wide at en , bearing on tabs.
Central 2.00 x 11.75 inches unsupported.

This provided slightly more back~surface damage than shown in Figure 4-5.

Internal damage consistentlv approximated that shown in Figure 3-4.

Bucause of frictional effects and windage, the actual velocity of the impactor
was alwavs somewhat lower than the nominal value calculated from the height

of drop.  The mean value of the velocity at impact, as measurcd from hivh

speed motion picture records taken of cach test, was 11.9 fps, with a probable

crror of +0.2 1'ps.  Consequently the energy at impact was about 5.76 {t.-1b,

with a probable error of +0.20 ft.-1b.
4.2 MAIN PROGRAM TEST PROCEDURES _

The main program of uxposurc‘and test is outlined in Table 4,20 The program
required twelve groups of six specimens each, cach group subjected to a ditferent
combination of impact and exposure. Five of the specinens of cach groupy wore
then tested in column compression; the sixth was scctioned for micresraphic

studv. TIn addition, a thirteenth group of five specimens vhich had not boon *

4-7
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TABLE 4.2
PROGRAM OUTLINE

Group Test Conditions Residual Compression Strength Tests
A IMPACT EFFECT AND INTERACTION WITH
' MOISTURE AND LOW TEMPERATURE
Al Impactl, (R.T. - dry) R. T., dry
A2 Impactl. moisture conditton2 R. T., moisture content of 1.0%
A3 Impactl, moisture Coqditionz, low
temperature exposure R. T., woisture content of 1.0%
Ab Impactl, 10 cycles (molsture
condition alternated with low
temperature exposure-’) R. T., moisture content of 1.0%
B
MOISTURE EFFECT AND INTERACTION WITH
LOW LEVEL IMPACT AND LOW TEMPERATURE
Bl 2
B2 Moisture condition R.T., moisture content of 1,0%
2 1
3 Moisture condition”, impact R. T., moisutre content of 1.0%
Moisture condition2,31mpactl, low
B temperature exposure R. T., moisture content of 1.0%
Moisture conditionz, 1mpacll, 10
cycles {moisture condition a&ternated
with lov temperature exposure ') . R. T., moisture content of 1.0%
¢ LOW TEMPERATURE EFFECT AND INTERACTION
WITH LOW LEVEL IMPACT AND MOISTURE
el Low temperature exposure3 R. T., dry
2 Low temperature exposure3. impac:l R. T., dry
Low temperature exgosure , meaccl.
el moisture condition R. T., moisture content of 1.0%
Low temperature e osurea, impactl.
ca moisture condition?, 10 cvcles
(moisture condition alturnated with
low temperature exposure)® R. T., moisture content of 1,0%Z
Dl AS FABRICATED R. T., dry
1 *C" Scan before and after impact.
2 Moisture Condition ~ exposure to 160°F and 95% R.H. with gain of 1,0% by wetght.
3 Low Temperature Exposure - exposure to -65°F for s hour.,
4

160°F, 95% R.H. for 1 hour, cool down to -GSDF, hold % hour, and repeat ten times.

NOTE: Five specimens as above in each group.

All groups except Dl also facluded a sixth specimen for micropraphic study.
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subjected to any previous exposure of impact loading was tested in column
compression to establish a baseline value for comparison. A sequence of
testing and exposure was arranged that would perform the prograrm efficivntly
and also in a manner which would minimize between-group variations. Fipure
4-6 is a flow chart which identifies the sequence of operations. The dates
shown in Figure 4-6 for tests of specimens in groups Al, Cl and C2 are those

for the second, replacement series.

The first tests to be completed in the program were those on the original
specimens comprising groups Al, Cl, and C2, and the residual column strength
tests on these specimens were performed with a pinned-end column length of
L'=1,17 inches. This spacing was selected in order that the major portion c¥
the tvpical damaged area would fall between pin-supports. However, for the
laminate under test, tests at this pinned-end length produced elastic column
failure. The affect of damage on buckling phenomena is less impurtant in the
elastic region than it is at higher stresses, and in this case the presence of

damayge resulted in onlv about six percent reduction in average column strengtl,

In order to obtain a residual strength determination which was more sensitive
to the presence of damage, it was decided to conduct residual column strc .t
tests at a pinned-end length of 0.78-inch instead uvf 1.17-inches. Tris changed
the mode of column failure from the elastic, interwediate length reviwe to the
inelastic, short column length range, and resulted in a substantial increase in
sensitivity to impact damage. All subsequent residual column strength tests

were conducted at L'=0.78-inch.

4=-10
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SECTION 5

TEST RESULTS

5.1 RESULTS OF MECHANICAL TESTS

Test data compiled in the course of the program are presented in Table 5-1.
To facilitate assessment of exposure effects and interaction effects, the
mean values of the test results obtained for each of the different groups are
compared in Table 5-2. These tabulations include the energy deposited in the
specimen at impact (impact energy less rebound energy), the "area" of impact
damage (width times length dimensions shown in C-scan), and residual column
compression strength. A plot of the residual strength data is presented in
Figure 5-1, in a form which permits comparison of the results with different

environmental exposures.

The scatter of individual test data, expressed by the coefficient of variation,
is of the order of five percent. When using only five replicate specimens,
differences between the mean values must be more than twice as large as the
coefficient of variation to be considered significant to a 90 pcercent confi-
dence level. No differences this large are found between the mean values in
Table 5-2, except when comparing impact-damaged specimens with those not
impacted t all. The immediate results of the test program, thercelfore, are
that these specific environmental exposures and sequences o©! exposures have no
significant effect on impact damage or on residual compressive strenrth after
impact. This conclusion is graphically evident in Fipure 5-!, Here it i~ seen
that, for each of the three conditions of exposure prior to impact, the impact
'amage reduces the residunal compressive strenpgth, but environmental exposure

subsequent to impact causes no further reducticn.

The data do provide additional indications, howcever, which mav lead to tenta-

tive conclusions.

5-1
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5.1.1 Effect of Moisture Conditioning on | mpact  Damage

Comparison of the mean values of the net encrgy absorbed under impact b the i
specimens of different groups, Table 5-2, indicates that moisture-conditioned i
material mav be a better encreov absorber than "drv"” or as-fabricated laminate.
While this indication does not necessarily mean that moisture conditioning
improves the resistance to inpact damage, such o conclusion s suggestod by

the dara distributions of Figure 5-1 and supported by the mean values of
residual column strength in Table 5-2.0 Comparison ot these data for groups

Al A2, A3, A4, C2 and €3 with groups B2, B3 and B4, indicates that when
specimens are moisture conditioned prior to impact, the residual column strength

is 6 to 15 percent higher than when moisture conditioning is delaved unti)

after impact, or when moisture conditioning is omitted centirelv.

Because this indication is based on several different sets of comparisons
rather than just one, the statistical significance is stronger than suggested
above. An estimate may be made by combining the comparisons after normalizing
the data in each set with respect to a reference level which accounts for
differences between the sets. An analysis of this tvpe, comparing residual
strength of groups A2, A3 and A4 with B2, B3 and B4, is presented in Table 5-73,
the normalizing factor for each sct being the mean of the strengths for the
groups which were drv when subject to impact. Though the distribution of test
data mayv ot be normal and the analvsis is onlv approximate. the statistical

inference , that moisture improves the resistance to impact, is Strone,

5.1.2 Effect of Low Temperature Exposure

The product of the damage dimensions seen in the C-scan records provides o
more convenient and more consistent measure of internal impact damage than
vither width or length taken alone. Comparison of the means of this product
value for the various groups, as listed in Table 5-2, indicates no sisniticant
difference in the extent of damage as a result of exposure to low temperature.,
Comparison of the means of the residual strength data of group Cl with DI,

C2 with Al, €3 with A2, and C4 with A3, indicates no sipgnificant ditterences

in the residual column strength as a result of low temperature expoasure priorv b
to impact.

4

5-8 3
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TABLE 5-3
APPROXIMATE STATISTICAL ANALYSIS FOR EFFECT OF
MOISTURE CONDITIONING ON RESIDUAL STRENGTH
Normalized Normalized
Normalizing Residual Residual
Basis Group Specimen Strength Group Specimen Strength
§A2=39.o A2 19B-10 1.01 B2 19A-7 1,15
19C-9 0.91 19C-1n 1.10
20B-4 1.02 20B-9 1.16
21A-3 1.05 21A-2 1.05
21C-1 1.02 21A-7 1.05
iA3=38.1 A3 19B-9 0.99 B3 19B-4 1.19
20Cc-2 1.02 19B-6 1.12
20c-7 1.03 20C-5 1.18
21B-10 0.93 20A-10 1.08
21C-2 1.03 21B-7 1.18
Ky, =40.4 Ab 19C-3 0.99 B4 19A-5 1.04
18C-8 .98 19C-4 1.05
20C-4 .98 20B-3 1.05
20C-10 .99 21C-3 1.06
21B-2 1.06 21C-10 1.00
XA = 1.000 XB = 1.097
Sa = 0.045 Sp = 0.061
NA = 15 NB = 15
Analysis (Ref. 3)
Hypothesis: RBS iA; reject if t< t 99 . df
= X - X <+ I\ = <4,
b= (X, - X /s, VN + AN 4. 788
2 2 2 o ,
Sy = [y, - Ds,"+ (N, -Ds" ] /(w, + Ny =2) = 0,052
df = (N_+ N_ -2) =28
2 B
tg.01,43 = T2:467
Conc: iB> RA; that is, mean residual strength of specimens moisture-
conditioned prior to impact exceeds that of drv specimens, to
better than 997 confidence level

n s

5-G
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5.1.3 Effect of Moisture-Temperature Cveling

The question of whether freeze-thaw cveling increased the internal diarave
caused by impact is answered by comparing mean values of residunl stronsth
(Table 5-2) of groups A3 with A4, B3 with B4, and €3 with (4. Iy twe of the e
cases the mean values of residual strength were higher for moisture-temperacur

cveled specimens.  However, none ol the ditferences can be tevmed signiticant.

5.1.4 Maximum Force at Impact

Strain gage data interpreted by means of static calibration to indicate toree
at impuct were obtained in 18 of the 60 scheduled impact tests.  The average
of these indicated a peak force of 639 1b. with a probable vrror of + 92 1Ih,
The scatter of this measurement was much larger than the variation in the
test impact velocity and no differences could be attributed to cavironmentsl

vEposure conditions.

5.2 PHOTOMICROGRAPHIC EXAMINATIONS

he specimens selected for micrographic examination were sectioned transver-cl.

T
0.25~inch from the impact point, mounted in epoxv to support the damaged

rezion, then ground back to the impact station and polished. The two speci-

W
mens which had becn subjected to environmental cuposure only, without imnace,
were scectioned centrally and polished. Photomicrographs of these scotions ot
10X and at 25X are presented in Figures 5-2 thru 5-13.
A sumnary of the photomicrographic specimens, the test conditions to which
thev were subjected, and the results of the micrographic studies is presented
. 4

in Table 5-4. These results indicate the following:

o The impact condition consistently left the impact surface intact and
apparently undamaged, but alwavs resulted in rupturc of the rear tace
and fracturing of manvy of the intermediate plies.

o Ply delamination was found between all plies except the first two;
however, it was generallv more extensive in the front halt of the

laminate thickness.

| i

]

o Moisturce conditioning prior to impact appearcd to redoace the armoeamt o
ply fracture which occurred, and mav also have resalted in Je=s dolarg-

natinn doe to impact.

5~10
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o In two of three cases, freeze-thaw cveling subscouent to impact adar
appeared to have redoced the distortions associated with the fmpact
tailure. In no case did it appear that actual damase was §oetea oo
above that sustained by the comparable specimen which was not trecre -
thaw cveled.

o While the scections studied passed transverscly through the impact peint
in cach sample, the maximum internal damage was often tound Lo ocong
some distance trom this point. The C-scan data in all cases indicated

a greater damage width than found micrographicallv: this 1o attributed

to the characteristically irrcegultar plan form of the damagce arca.

These conditions reduced the usctfulness of the photomicrographs for

comparing the results of different exposure conditions.
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SECTION 6
CONCLUSIONS

With the specimens and test procedures of this program, impact damage alone
caused a reduction in the column compressive strength of twelve to fifteen
percent., No further reduction in residuval column strength was found to re-
sult from environmental exposure in combination with impact. The environ-—
mental conditions investigated included moisture conditioning and/or low
temperature exposure both prior to and subsequent to the impact. In parti-
cular, moisture-temperature cvcling subsequent to impact, which might bave
been expected to cause additional delamination as a result of repeatoed

freeze-thaw effects, produced no reduction in residual column strensth.

This unexpected result may have been due to a coincidence of test conditions
which made the residual strength test insensitive to changes in the extent

of the delaminated regions. As noted in Section 4, it was necessary to use

a pin-support spacing of 0.78~inch in the column tests in order to obtain
inelastic failures; the longer pinned-end lengths resulted in an elasti.,
Euler-like buckling which showed little reduction in strength due to damape.
The 0.78-inch spacing, however, was less than the tvpical dimension ¢* the
delaminated region which therefore exterded into adjacent bavs, Conscveucttly
some support may have been provided to the damajyed region bv th pin-supports

of the fixture.

If this relation between damage dimension and support dimension reduced the
importance of delamination, such an effect might also be expected in structural
applications of this particular laminate, where the pin-support length in the
column test bears a close relationship to whatever tvpe of edge or end support

would be provided in actual structure to achieve the same buckling stress.




These results apply to the performance of such elements as skin surtfaces, but
not directly to more stable sections, A stiffener section in the shapc of =

squarc tube, for example, depends lor its crippling strengt.. on the junteprite
of all the elements which comprise the section. The eftect of damase to one

ol these elements would be magnitied in the comparison of the compressive

loads carried by the stiffener in damaged and undamaged states.

While environmental exposure subsequent to impact appeared not to infliuence
residua. strength in this test program, fairlv strong evidence was ound

that moisture conditioning prior to impact actually improves the resistance

ol the compusite laminate to impact damage and results in higher resicual ol

stren;th.

Photumicrographic studies provided gualitative data which sunnorted tle .on- '

clusions drawn from the results of the mechanical tests,
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Custmer :

Purchase Order No:

Mat-rials:

Lockheed Calitornia

AETIB8610X

TABLE

A~}
LR 29655

BERCULES INCORPORATED

GUALTTY ASSURAKNCE

LOT DATA REPORT

November 14, 1979

Graphice Fiber/Epoxy Marvrial, 3501-6/AS81, 12" preprey tape.

Specification; MMS 549 Awwnd 4, Type [
quantity: 78,00 Ibs.
r ot HE LR Manutactared October 18, 1979
S N SC & bA
Rieyn Lot N0 076 Manuiactured by Hercules Inc.
L. Fiber Properties lad-1 Muncfdetured by Hercules Inc.
Tensile Str. ,ksi 424
Te:siic Mod. ,msi 33.10
Wt . /Unit Length 43.93
Density,lbsin 0.0649
Im. Preprex Physical Properticvs
Sprc Regq
Sp«",“. No. 6 5
Resin Flow,% 10-25 18.6
Volativa,Z 1.5 max 0.94
Tack tonforms Conforms
I1r. Laminate Mechanical Properties Spec Req  Panel No, Average/Individual
Spool 6
0° Tensile Str.,RT, ksi* 200 9280 273/268,296,255
0° Tensile Mod.,RT,ms{i* 18.0 9280 20.9/20.3,21.7,20.6
0° Elongation,RT, in/in x 103  Record 9280 13.1/13.5,13.4,12.4
Short Beam Shear KT, ksi 15.0 9281 19.0/19.1,19.0,18.y
Short Beam Shear,250°F ksi 9.0 9281 14.4/14.4,14.2,14 .4
Shurt Beam Shear,250°F kst 7.5 9281 11.3/11.3,11.5,11.0
(24 hr water boll)
* Normalized to 0.0416 Pane! Thickness.
v, Panel Physical Properties
vprc ch
Spocl No./Pane!l No. 6/9280
Ply Thickness,inches  0.0052 + 0.0003 0.0054

V. Individual Spool Physical Froperties
Average/Individual
Spec Req W2+ 3
Spool No. Resin Content 7/
5C 42.,7/42.9,43.0,42.3
bA 44 .1/44.,8,43.5,43.9

JAR :me

Average/Individual
145-155

Fiber Areal Wt. gm/m

149/148,150, 149

151/155,151,149

,,e5z::257422;>»v4¢4—n¢—451,~.~

“4. A. Rasmussen, Representative
QUALITY ASSURANCE DEPARTMENT
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TABLF A-3

AS/3501-6 CURE CYCLE

Applv full vacuum

Apply 35 + 5 psi autoclave pressure

Heat to 240°F + 109F @ 2-4"F /min,

Fold at 240°F for 60 minutes

Raisce pressure to 100 psi - Vent vacuum

Raise temperature to 350°F + 109« 258 /min.
Hold at 350°F for 120 minutes

SO . . . ) , .
Cool to 200°F in not less than 30 rminates with at least 8 psd
autoclave pressure

. e O . . .
Post cure for 8 + 1/2 hour at 350 F in an air circalatine oven




